C ongenital heart disease (CHD) is the most common birth defect. It affects ≈7/1000 live births and is a major cause of childhood morbidity and mortality worldwide. 1 Folic acid has long been hypothesized to be protective against CHD, and folate deficiency is suspected to be a CHD risk factor, but the evidence remains inconclusive. 2 Several retrospectively conducted observational epidemiology studies suggest a beneficial effect of periconceptual folate supplementation on CHD risk, but retrospective studies of adverse pregnancy outcomes may be susceptible to recall bias and confounding. [3] [4] [5] [6] There is only Background-Association between the C677T polymorphism of the methylene tetrahydrofolate reductase (MTHFR) gene and congenital heart disease (CHD) is contentious. Methods and Results-We compared genotypes between CHD cases and controls and between mothers of CHD cases and controls. We placed our results in context by conducting meta-analyses of previously published studies. Among 5814 cases with primary genotype data and 10 056 controls, there was no evidence of association between MTHFR C677T genotype and CHD risk (odds ratio [OR], 0.96 [95% confidence interval, 0.87-1.07]). A random-effects meta-analysis of all studies (involving 7697 cases and 13 125 controls) suggested the presence of association (OR, 1.25 [95% confidence interval, 1.03-1.51]; P=0.022) but with substantial heterogeneity among contributing studies (I 2 =64.4%) and evidence of publication bias. Meta-analysis of large studies only (defined by a variance of the log OR <0.05), which together contributed 83% of all cases, yielded no evidence of association (OR, 0.97 [95% confidence interval, 0.91-1.03]) without significant heterogeneity (I 2 =0). Moreover, meta-analysis of 1781 mothers of CHD cases (829 of whom were genotyped in this study) and 19 861 controls revealed no evidence of association between maternal C677T genotype and risk of CHD in offspring (OR, 1.13 [95% confidence interval, 0.87-1.47]). There was no significant association between MTHFR genotype and CHD risk in large studies from regions with different levels of dietary folate. Conclusions-The MTHFR C677T polymorphism, which directly influences plasma folate levels, is not associated with CHD risk. Publication biases appear to substantially contaminate the literature with regard to this genetic association. (Circ Cardiovasc Genet. 2013;6:347-353.)
Association Between C677T Polymorphism of Methylene Tetrahydrofolate Reductase and Congenital Heart Disease

Meta-Analysis of 7697 Cases and 13 125 Controls
1 previous randomized trial of preconceptual folate supplementation and CHD, conducted in Hungary, which suggested a potentially substantial effect on CHD risk of a multivitamin supplement containing folic acid. However, statistical significance was borderline (odds ratios [OR] , 0.48 [95% confidence interval {CI}, 0.23-1.03]; P=0.055) in an analysis involving only 30 cases of CHD. 7 Given the proven protective effect of folate on neural tube defect, further placebo-controlled trials are ethically precluded. A recent Canadian study used the introduction of mandatory folate fortification of grain products in 1998 as an opportunity to conduct a time trend analysis based on medical reimbursement data in which CHD incidence rates prior and subsequent to fortification were compared. In the 6 years following fortification, CHD incidence rates fell by 36%. 8 However, that study was potentially vulnerable to confounding by unmeasured coincident secular trends (eg, the introduction of fetal echocardiography leading to a higher termination rate for fetuses determined to have severe CHD).
Clinical Perspective see p 353
Homozygosity for the thymidine allele (T/T genotype) at the C677T polymorphism (dbSNP ID: rs1801133) of the 5,10-methylenetetrahydrofolate reductase (MTHFR) gene, which is observed in ≈11% of white and 1% to 2% of those of African origin, directly causes lower levels of plasma folate (and higher levels of plasma homocysteine). The nucleotide substitution of thymidine (T) for cytosine (C) leads to the replacement of the amino acid alanine with valine at position 222 of the protein and a reduction in the activity of the MTHFR enzyme (by about one third per copy of the T allele). 9 The effect of genotype is nonadditive, with small and inconsistent differences in plasma folate between C/C and C/T individuals, but ≈25% lower plasma folate in T/T than C/C individuals. 10 Determining the presence or absence of association between MTHFR C677T genotypes and CHD risk could confirm or refute a causal association between folate and CHD risk, through Mendelian randomization, the background of which has been extensively reviewed. 11 In keeping with this notion, the T/T genotype has been shown to be a risk factor for neural tube defect when present either in mothers of affected offspring or the offspring themselves. [12] [13] [14] A number of previous studies have investigated the association between C677T genotype and CHD risk, but all were small, and the number of genotyped cases in the literature has precluded robust conclusions even when these studies were combined in meta-analyses. Here we report findings in 5814 newly genotyped CHD cases and 10 056 controls, set in context of a meta-analysis including 7698 cases and 13 159 controls.
Methods
Ethics Statement
Collection of the European and Australian populations and conduct of the genetic investigation were approved by the appropriate ethical committees in the participating institutions. Informed consent was obtained from all participants (or from parents if the patients were too young to consent). The specimens and associated data from the New York State newborn screening program were made anonymous prior to testing. The use of these samples was approved by the Institutional Review Board of the New York State Department of Health and reviewed by the Office for Human Research Protections at the National Institutes of Health.
The investigation was conducted according to the principles of the Declaration of Helsinki.
Populations Studied
European White Cohort
Cases of CHD were collected from United Kingdom CHD units in Bristol, Leeds, Liverpool, Leicester, Newcastle, Oxford, and London, and from centres in Amsterdam (the Netherlands), Leuven (Belgium), Erlangen (Germany), and Sydney (Australia). All cases were of European white ancestry. Patients with known genetic causes of CHD (eg, Down syndrome, 22q11 deletion syndrome, Noonan syndrome) or known in utero teratogen exposure were excluded from analysis. We did not include families in whom CHD appeared to be segregating as a Mendelian trait. Because any effect of MTHFR genotype on risk of CHD could be mediated by the early in utero environment, which might well be determined chiefly by the mother's MTHFR genotype, we also collected, where possible, mothers of cases. Publicly available genotypes for 3800 healthy white individuals at MTHFR C677T (rs1801133) were obtained from the Wellcome Trust Case-Control Consortium (WTCCC2) common control panel (http://www.wtccc. org.uk). Additionally, we included 368 healthy European white controls free of CHD ascertained as previously described who were genotyped on both platforms used in this cohort (see below). 15
New York Cohort
This was a population-based, nested case-control study that included all cases born in the State of New York with a CHD during 1997 and 1998. Cases were identified using the New York State Congenital Malformations Registry. In New York, physicians and hospitals are mandated by law to report birth defect cases that come to their attention if the child is under 2 years of age and was born, or resides, in New York State. Cases were selected if they were listed as having a CHD using a modified version of the British Paediatric Cardiac Association code system. Cases with chromosomal abnormalities or other malformations in addition to CHDs were excluded. Controls born in the same interval but free of CHDs were matched to cases on race/ethnicity and sex. Two controls were selected for each case. Information extracted from the Congenital Malformations Registry was linked to the records of the New York State Newborn Screening Program for retrieval of archived residual dried blood spots. DNA was available on >80% of cases listed in the Registry.
Genotyping
In the European white cohort, MTHFR C677T (rs1801133) was genotyped either on an Applied Biosystems 7900HT Fast Real-Time PCR System (TaqMan) using Sequence Detection System v.2.3 or using the Illumina 660 W-Quad array, which features rs1801133. Genotypes in the WTCCC2 panel of controls were assigned using gene chip technology. To rule out any systematic error from the use of different platforms, 368 additional healthy controls were genotyped using both methodologies to ensure comparability of genotypes between platforms-no discrepancies were observed between TaqMan and array-derived genotypes. In the New York cohort, MTHFR C677T (rs1801133) was genotyped by detection of allele-specific primer extension using matrix-assisted laser desorption/ionizationtime-of-flight (MALDI-TOF) mass spectrometry (Sequenom, San Diego, CA). In both cohorts, ≥10% of samples were randomly plated a second time and regenotyped. The concordance rate between these replicates was >95%.
Literature Search
The methods for the literature search are described in the online-only Data Supplement.
Statistical Analysis
In the principal analyses, we estimated ORs for CHD risk with T/T genotype compared to (C/T+C/C) genotypes, and their 95% CIs, using logistic regression for each study. In subsidiary analyses, chiefly to facilitate comparison of our results with previous meta-analyses, we considered the allelic model (where C/T genotype would confer intermediate risk between T/T and C/C genotypes), and we also compared T/T with C/C genotypes without consideration of C/T heterozygotes. We considered offspring genotypes and maternal genotypes in separate analyses. We decided a priori to calculate pooled ORs and 95% CIs using the DerSimonian and Laird random-effect model, as we anticipated substantial heterogeneity between the studies, possibly related to interpopulation variability in folate intake or to the previously described heterogeneity in C677T genotype frequencies between different populations. In subsidiary analyses, we used the Mantel-Haenszel method to calculate fixed-effects ORs. We assessed between-study heterogeneity using Cochran Q and also quantified heterogeneity using the I 2 statistic, which describes the percentage of variation across studies that is due to heterogeneity rather than chance. 16 Values of I 2 of 25%, 50%, and 75% are typically considered to indicate low, moderate, or high levels of heterogeneity. Publication bias was assessed visually using funnel plots of log(OR) against standard error of the OR and formally tested using Egger and Begg tests. To address the possibility that particular CHD phenotypes might be differentially susceptible to any effect of MTHFR C677T genotype, we carried out subgroup analyses among the patients in whom we had primary genotype data in 3 diagnostic subgroups: septal defects (atrial septal defect, ventricular septal defect, and atrioventricular septal defect), conotruncal lesions (chiefly tetralogy of Fallot, pulmonary stenosis with VSD, pulmonary atresia, and transposition of the great arteries), and left-sided lesions (chiefly coarctation of the aorta, aortic stenosis, aortic atresia, patent ductus arteriosus, and left heart hypoplasia). Within these groups, if multiple lesions were present, patients were assigned based on their clinically dominant defect. Cases who could not be classified into 1 of these 3 groups were designated Other-examples of defects so classified would include laterality defects and anomalous drainage of the pulmonary veins. In the subgroup analyses, cases were compared with randomly selected individuals from the control population, in the ratio of 2 controls per case in each subgroup. To make some allowance for multiple testing, we calculated 99% (rather than 95%) CIs for the ORs in these subgroup analyses (ie, imposed a significance threshold of 0.01 rather than 0.05).
We explored sources of heterogeneity, in particular examining the importance of study size, using 2 statistical approaches. First, we used the trim-and-fill method, which assumes funnel plot symmetry, to estimate and model the studies missing from the analysis due to publication bias. Second, we used the selection model of Copas, which assumes a relationship between publication probability and the standard error of the estimated OR. 17 We examined whether there was a relationship between any risk of CHD associated with TT genotype and folate status in low, medium, and high folate groups of studies using meta-regression; we also calculated the heterogeneity between studies within each of the 3 groups. All P-values were 2-tailed, and other than in the subgroup analyses, P<0.05 was accepted as the threshold for significance. Analyses were performed using STATA (version 10; Stata Corporation, College Station, TX).
Results
Primary Genotyping Data
MTHFR genotypes were successfully assigned in more than 95% of participants. A total of 5814 CHD cases and 10 056 controls in the combined European white and New York cohorts had MTHFR C677T genotype available. Of these, 4495 cases (77%) were of white ethnicity. The allele frequencies corresponded closely with those observed in previous large studies of this polymorphism. Previously reported differences in the allele frequencies were observed between those of African ancestry and other groups. Genotypes were in Hardy-Weinberg equilibrium at the P>0.05 level. In the total cohort, there was no significant association between genotype and CHD risk under a recessive model examining the risk of T/T genotype relative to the combined C/T and C/C groups (OR, 0.96 [95% CI, 0.87-1.07]; Table 1 ). Nor was there any evidence of association under an additive model (OR, 1.00 [95% CI, 0.96-1.05]; Table 1 ). There was no evidence of heterogeneity in the ORs between ethnic groups. Genotypes were available on 829 European white mothers of CHD cases (336 C/C, 396 C/T, and 97 T/T); there was no difference in genotype frequency between mothers of CHD cases and healthy controls (OR for TT versus CT+CC =1.05 [95% CI, 0.83-1.33]).
Meta-Analysis
The selection procedure resulting in the inclusion of 14 published case-control studies and 8 published studies of mothers of CHD cases and controls in the final meta-analyses is described in Table I in the online-only Data Supplement. The meta-analysis of case-control data incorporating the primary genotyping data from the present study included 7697 cases and 13 159 controls, and the corresponding meta-analysis of data in mothers of cases and controls included 1781 mothers of cases and 19 861 controls.
The random-effects meta-analysis of offspring genotypes suggested association between T/T genotype and CHD risk (summary OR, 1.25 [95% CI, 1.03-1.51], P=0.022; Figure 1 ), but moderate to high heterogeneity was present (I 2 =64.4%; P<0.0001 by Cochran Q). The random-effects meta-analysis of maternal genotypes yielded no significant association of maternal T/T genotype with CHD risk (summary OR, 1.13 [95% CI, 0.87-1.47]; Figure 2 ) and low heterogeneity between these studies (I 2 =30.7%; P=0.163 by Table 1 Cochran Q). We considered publication bias as a possible explanation for the high heterogeneity observed among the studies of offspring genotype; this seemed particularly important to explore as random-effects models can give undue weight to individuals in smaller studies, 18 and our subsidiary fixed-effect meta-analysis of offspring genotypes showed no evidence of association (summary OR, 1.06 [95% CI, 0.97-1.15]). A funnel plot of the studies contributing to the meta-analysis of offspring genotype was indeed highly suggestive of publication bias (Figure 3 left) , and formal tests for publication bias were significant (Begg P=0.05; Egger P=0.03). By contrast, there was no evidence of publication bias among the studies contributing to the meta-analysis of maternal genotype (Figure 3 right) . We used 2 statistical approaches to attempt to correct for publication bias in the studies of offspring genotype. The trim-and-fill method suggested 7 missing studies, and the filled data yielded an estimated OR free of publication bias of 0.97 (95% CI, 0.79-1.20). This result was corroborated by the Copas selection model, which yielded an estimated OR free of publication bias of 1.00 (95% CI, 0.84-1.20; Figure II in the online-only Data Supplement). Finally, we followed the approach of previous investigators by designating studies in which the variance of the log OR was <0.05 as large. 19 Using these criteria, we identified 3 studies (the present European white and New York studies and the previous study of Xu et al, 2010; these were also the only studies that included >500 cases). Among these studies, which included 83% of all CHD cases in the meta-analysis (6416 of 7697 cases), the summary OR was 0.97 (95% CI, 0.91-1.03), with no evidence of heterogeneity (I 2 =0%; P-value by Cochran Q=0.6), whereas among the 13 smaller studies, the OR was 1.62 (95% CI, 1.19-2.21), further reinforcing the role of publication bias. We conducted analyses comparing the risk of CHD by C677T genotype in 4 diagnostic subgroups: septal defects (2723 cases and 5022 controls), conotruncal defects (1718 cases and 3168 controls), left-sided lesions (389 cases and 717 controls), and other defects (623 cases and 1149 controls; Figure 4 ). In the other defects subgroup, the OR for TT genotype was 0.68 (95% CI, 0.49-0.95; P=0.021). However, the 99% CIs we prespecified to make allowance for multiple testing overlapped unity (99% CI, 0.45-1.05), and adopting an alternative approach to multiple testing by applying a Bonferroni correction for 4 subgroup analyses likewise rendered that result nonsignificant (corrected P=0.084). Moreover, a test for interaction was nonsignificant (χ 2 1 =0.97; P=0.32), indicating no evidence of difference between the ORs in the different subgroups. Finally, the other defects subgroup was of small size, and hence the result in that subgroup might be particularly susceptible to the play of chance.
. MTHFR C677T Polymorphism and Risk of CHD in Cases and Controls Genotyped in This Study
Effect of Prevailing Level of Folate Intake
We grouped studies into low, medium, and high folate groups with the intent of exploring any effect of prevailing folate levels on the risk of CHD associated with MTHFR genotype. Although meta-regression including all studies suggested a borderline significant effect of prevailing levels of plasma folate on the association, with a trend toward an increased OR in studies with lower folate (β=0.33; P=0.02), there was marked heterogeneity among the low folate group of Asian studies largely responsible for the significant result (I 2 =89.3%), whereas there was no significant heterogeneity (I 2 =0%) in the high folate group of studies. The low folate group included 3 small studies with extreme ORs (between 2.10 and 3.44) and 1 large study with a null result (OR 0.85), all conducted in China. Therefore, publication bias appears to be confounded with region of study origin, and hence folate status, in our data. In view of this, we carried out a meta-regression restricted to the 3 large studies identified as above, which by chance represented each of the 3 folate status groups. This analysis yielded no relationship between folate status and CHD risk associated with MTHFR genotype (β=0.078; P=0.49).
Alternative Genetic Models
Given the clear indication of publication bias in the dataset, we restricted analysis of alternative genetic models (C allele 
Discussion
This is the largest study to date of genetic influences on CHD. We analyzed primary genotyping data on 5814 CHD cases and 10 056 controls, together with meta-analysis of a further 1883 cases and 3103 controls, and we found no significant effect of MTHFR C677T genotype on CHD risk. Among the 3 largest studies, which contributed 83% of the genotyped cases, the CIs were narrow around the null (OR, 0.97 [95% CI, 0.91-1.03]). In subgroup analyses, no effect of genotype was observed when we grouped CHD cases by the type of defect. Additionally, primary genotyping data on 829 mothers of CHD cases and 4348 healthy controls, together with meta-analysis of a further 952 mothers of cases and 15 513 healthy controls, provided no support for an effect of maternal MTHFR genotype on CHD risk.
Our analyses showed a substantial effect of publication bias that appeared to be confounded with study region of origin. Consideration of large studies only yielded no evidence that MTHFR genotype had a differential effect on CHD risk dependent on prevailing levels of folate intake. Because MTHFR genotype directly influences plasma folate levels, using the principles of Mendelian randomization, these data provide no support for the notion that plasma levels of folate influence CHD risk.
Four previous meta-analyses of this question had reached conflicting conclusions, with early meta-analyses suggesting no effect of MTHFR genotype and more recent metaanalyses suggesting the presence of an effect, possibly more marked in white populations ( Table II in the online-only Data  Supplement) . [20] [21] [22] [23] The present study approximately trebles the number of cases investigated in published studies to date and conclusively rules out even a small effect of genotype on CHD risk. Analyses using the principles of Mendelian randomization are typically limited by the power of the genetic instrument used. We, therefore, estimated the magnitude of the effect of MTHFR genotype on CHD risk that we were likely to have observed if lower levels of plasma folate caused CHD using previously published epidemiological data (in the online-only Data Supplement). The upper 95% CI of 1.03 around our estimate robustly excludes an effect of the anticipated magnitude of ≈18% and suggests that, among the populations we studied, Left, The funnel plot for the offspring genotype meta-analysis. Right, The funnel plot for the maternal genotype metaanalysis. Each study is represented by a dot, with the 95% pseudoconfidence intervals shown as broken lines on either side of the summary odds ratio (OR) from the respective meta-analysis. any effect of plasma folate level on CHD risk is at most minimal. Moreover, we found no evidence of association between MTHFR genotype and being a mother of a case of CHD (such an association has been robustly demonstrated for neural tube defect, in keeping with a likely important contribution of maternal MTHFR genotype to fetal folate bioavailability during organogenesis) 12, 14 ; our maternal genotype analyses approximately double the amount of information available on this question.
Our study has certain limitations. Although we attempted to exclude patients with recognized syndromes, not all such patients are diagnosed in childhood (eg, Noonan syndrome, the second most common syndromic cause of CHD after Down syndrome, may not infrequently be diagnosed in later life). Inadvertent inclusion of such patients, who have specific genetic causes of their CHD, among our cases could have biased our results toward the null. However, it is unlikely that our sample contains significant numbers of undiagnosed Down syndrome patients, and the prevalence of other syndromes (eg, Noonan: 1/1000-1/2500) is insufficiently high to have materially affected our conclusions. Our subgroup analyses were guided by diagnostic information and by the numbers of patients available in each subgroup. We cannot exclude a role of the MTHFR gene in individual diagnostic categories, which were too small to be analyzed individually in our sample (eg, Ebstein anomaly). Because we did not preferentially ascertain multiplex families, we cannot comment on whether MTHFR genotype may act as a modifier in the presence of particular high-risk alleles responsible for highly familial CHD. We focused on CHD conditions typically presenting in childhood; therefore, we have not addressed the relationship between MTHFR genotype and bicuspid aortic valve. Further studies focused on bicuspid aortic valve, the most common cardiovascular malformation, would be of interest.
Our results should not be interpreted as an argument against mandatory folate fortification, which substantially reduces the risk of neural tube defect. However, we found no evidence for a relationship between CHD and the MTHFR 677TT genotype, which is known to reduce plasma folate, in the largest genetic study of CHD thus far conducted. More generally, our data add to the results of previous investigations showing the substantial degree to which publication bias may influence the results of genetic meta-analyses. Figure 1 , other than 99%, rather than 95% confidence intervals (CIs) are shown. OR indicates odds ratio.
